Abstract. We have developed a two-dimensional, thermo-kinetic model that predicts the closure age distributions of detrital minerals from pervasively intruded and differentially exhumed basement. Using this model, we outline a method to determine the denudation history of orogenic regions on the basis of closure age distributions in synorogenic to postorogenic forearc strata. At relatively high mean denudation rates of 0.5 km m.y.
Introduction
Clastic sedimentary sequences shed from orogenic belts provide a fertile, and arguably unique, record of crustal exhumation. It has long been recognized that isotopic age analysis of chemically resistant detrital minerals such as zircon and muscovite presents a promising tool for provenance and paleogeography studies [e.g., Abdel-Monen and Kulp, 1968; Ledent et al., 1964] . Refinement of U-Pb, 40 Ar/ 39 Ar, and fission track methods for rapid and comparatively precise age analysis of single crystals over the past several decades have greatly benefited detrital-mineral dating [e.g., Gaudette et al., 1981; Fronde et al., 1983; Hurford et al., 1984; Kelley and Bluck, 1989] . While use of the technique is now routine in provenance studies [e.g., Garver and Brandon, 1994a; Gehrels et al., 1995; Dallmeyer et al., 1997; Ireland et al., 1998; Hutson et al., 1998 ], its potential for recovery of basement exhumation histories has not been widely exploited [Copeland and Harrison, 1990; Renne et al., 1990; Corrigan and Crowley, 1992; Harrison et al., 1993; Garver and Brandon, 1994a,b; Clift et al., 1996] .
Denudation studies based upon isotopic dating methods fundamentally assume that retention of radioactive decay products within minerals is governed by volume diffusion [McDougall and Harrison, 1999] . Measured ages are Copyright 1999 by the American Geophysical Union.
Paper number 1999JB00082 0148-0227/99/1999JB900082$09.00 interpreted in terms of bulk isotopic closure which can be equated with depth in the crust (i.e., closure depth) provided that the geotherm is reasonably estimated [Dodson, 1973] . Hence a spectrum of closure ages yielded by detrital grains from a dated sedimentary horizon contains information on the distribution of crustal depths exposed in the basement terrane at the corresponding time of erosion. Meaningful interpretation of these results in terms of basement exhumation rates requires complete representation of the basement erosion surface and effectively instantaneous sediment transport. Assessments are further complicated by the necessity of independently determining sediment provenance and/or evaluating possible diffusive loss of radioactive decay products during burial.
The approach generally taken in denudation studies based upon detrital mineral dating has been to estimate exhumation rates from the ratio of closure depth and the time lag between isotopic closure and time of erosion. This time interval has been defined differently depending upon the focus of researchers. Consideration of the youngest closure ages in a detrital suite yields maximum denudation rates [e.g., Copeland and Harrison, 1990 ] while use of a central age maxima in the distribution returns a mean denudation rate [e.g., Garver & Brandon, 1994b] . Closure depth is also difficult to establish since it requires knowledge of the basement thermal structure at the time of closure and the diffusion properties or annealing kinetics of the thermochronometer. Depths have been estimated either from empirical data [e.g., Renne et al., 1990] or calculated from experimental diffusion parameters or annealing kinetics [Clift et al., 1996] . Regardless, calculations of exhumation history have invariably assumed a steady state thermal structure. This can be a poor assumption, particularly in batholithic terranes formed by pervasive pluton emplacement [Hanson and Barton, 1989] .
In this paper we introduce an approach for predicting closure age distributions from detrital minerals that originate from batholithic source regions. While we focus upon differentially exhumed arc crust, the method provides the basis for studying other tectonic settings amenable to representation by two-dimensional models. The approach differs significantly from that of Stock and Montgomery [1996] who assume horizontal isothermal distributions and complete isotopic closure prior to denudation to estimate paleorelief. We numerically simulate spatially variable pluton emplacement and denudation with thermo-kinetic models and use the resulting temperature-time histories for individual grid points to calculate bulk closure ages over the entire region. Erosion is simulated by sweeping the upper boundary through the grid and randomly sampling between successive erosion surfaces. Protocols for comparing measured and synthetic closure age distributions employ the Kolmogorov-Smirnov statistic and provide the basis for forward modeling of denudation rates in the source region. Provided that denudation outlasts intrusion and sufficient erosion has occurred, we find that the results are highly sensitive to exhumation rate and indifferent to intrusion history and/or the time of initial denudation.
To more fully illustrate our approach, we have modeled detrital K-feldspar closure age distributions from Cretaceous forearc basin strata derived from the Peninsular Ranges batholith in southern and Baja California. K-feldspar, a common mineral in first-cycle continental margin sediments offers distinct advantages over other detrital thermochronometers for investigating basement denudation. General agreement of the exhumation history deduced from detrital Kfeldspar results with independent thermochronology from the basement lead us to conclude that exhumation histories of magmatic arcs, or any other highly strongly denuded orogen, should be decipherable solely from closure age distributions from detrital minerals. 
Model Description
Intrusion and denudation operate individually or in concert in our model. We calculate thermal histories for arc detritus using a 2-D, Crank-Nicholson finite-difference algorithm to solve the diffusion equation (Press, et al. 1986, p. 638) . Boundary conditions include zero lateral-flux, constant surface temperature (25°C), and a constant basal heat flux (Figure 1 ). Heat conduction is described in a simple manner by maintaining thermal diffusivity at a constant value (10 -6 m 2 /sec), neglecting radioactive internal heating, and fixing the basal heat flux at an appropriate value to maintain a 30°C/km thermal gradient in the absence of intrusion or denudation.
Thermal Effects of Batholith Emplacement
We simulate batholith formation in a manner that permits description of complex intrusion geometries [see Hanson and Barton, 1989] . Random distributions of circular plutons are instantaneously emplaced at successive times (Plate 1). Thermal effects of intrusion are simulated by setting the temperature of grid points within pluton boundaries to magmatic values at the time step corresponding to emplacement. The initial temperature assigned to a given pluton is a randomly selected value between 850-1000°C. Spatial characteristics of the pluton distributions are allowed to vary between imposed limits. Centers of plutons are restricted to positions further than 20 km from lateral boundaries and at least 15 km above the base of the grid while tops of plutons are required to be at least 2 km below the surface at the time of emplacement (Figure 1 ). Superposition of intrusions is allowed within a given time frame (Plate 1). Partial obliteration of the older intrusions occurs in successive intervals (Plate 2).
Host rock deformation and/or assimilation during intrusion is not considered.
To illustrate the effect of intrusion history upon closure age distributions, we have investigated two emplacement sequences (Plate 2). The first (Plate 2a) involves uniform random intrusion while the second (Plate 2b) simulates a shift in the locus of intrusion. The cumulative intrusion density produced in either sequence is comparable to that observed in many Cordilleran batholiths [ca. 15% host rocks remain; Barton et al., 1988] .
Denudation, Erosion, and Deposition
Denudation is simulated by redefining the position of the earth's surface in the model through the grid in successive time steps. This is accomplished by setting the temperature of all grid points situated at or above the defined surface to a constant value (25°C). The time (Age D ) at which material at a given grid point is "eroded" is defined as that corresponding to passage of the 25°C surface beneath it (Figure 1 ). We consider all material bounded by surfaces ± 0.5 m.y. from Age D to be deposited at Age D . This ensures that the amount of sediment eroded at a given lateral position is proportional to the denudation rate. While the definition of the 25°C surface can be quite general, we opted to simulate only linear denudation (i.e., tilting of a planar surface) in the present paper. In each simulation, the axis of rotation is fixed at the upper left corner of the grid and the movement of the surface towards grid points is clockwise so that samples in the righthand portion of the grid experience the greatest denudation. Although a constant rate of rotation is applied in early models, we later introduce a time dependence for this parameter to demonstrate the ability of the model to fit measured data. In each simulation we initiate denudation at 105 Ma. Note that because the time of initial denudation is arbitrary fixed, the magnitude of denudation required to fit measured results is necessarily a relative quantity. However, as will be shown subsequently, our estimates of denudation rates do not depend strongly upon when we initiate erosion provided that sufficient exhumation has occurred to expose thermochronometers that were deep enough to be partially open to Ar loss.
Calculation of Closure Age Distributions
Each run of the model calculates temperature-time (T-t) histories for all points within the upper 30 km of the grid. From this set of T-t paths, bulk closure ages are computed using a single domain diffusion model and experimentally determined Arrhenius parameters for K-feldspar (activation energy or E = 46.5 kcal/mol; frequency factor or log D o /r o 2 = 5.0 s -1
; Lovera et al., 1997) . Sampling of detrital closure ages is performed using random deviates with a uniform probability distribution and the transformation method described by Press et. al [1986, p. 200-203] . The probability that a closure age corresponding to a given horizontal position along the erosion surface will be sampled is proportional to the denudation rate at that location at time Age D . Since sample points do not generally coincide with grid points, closure ages are computed by interpolation. To avoid possible complications arising at lateral boundaries of the model, we only sampled horizontal positions between 25-125 km (Figure 1 ).
Comparison of Model Results with Measured Age Distributions
A crucial element for our method is an appropriate protocol for evaluating the similarity of measured and model distributions. We have applied the Kolmogorov-Smirnov (K-S) statistic [Press et al., 1986, p.475] , a generally accepted test to compare populations.
Because the parameter produced by the K-S statistic (D) is defined as the maximum value of the absolute difference between two cumulative distribution functions, it is most sensitive to the overall character of cumulative distributions and relatively insensitive to outlying data.
A major benefit of the K-S statistic is that the numerical significance of D, defined as PROB, can be assessed for the null hypothesis (i.e., data sets from the same distribution). Values of PROB near unity indicate that two distributions are similar while values approaching zero imply significantly different distributions. To evaluate the sensitivity of PROB in our application, we sampled detrital closure ages corresponding to a single Age D value in different ways and applied the K-S test. This exercise entailed systematically comparing 100 cumulative distribution functions (each defined by 32 randomly selected detrital closure ages) with a distribution function represented by a larger sampling based upon 1000 detrital closure ages from the same result. We found that the resulting log(PROB) values varied from -1.6 to 0 with a mean value of ~-0.4 and conclude that the sensitivity of the K-S test in terms of log(PROB) units is ~1 for Kimbrough, unpublished data, 1998 ] from the rectangular region in Figure 3 cumulative distribution functions calculated from small samples. Our approach for comparing measured detrital age distributions with those produced by the model is summarized in Figure 2 . In this example, we compare measured closure ages with those produced by a representative run of the model. To determine the model age distribution that best matches the measured distribution, we obtain synthetic distributions corresponding to different values of Age D and apply the K-S test to determine which of the distributions represents the maximum value of PROB (PROB max ; Figure  2a ). We refer to the Age D value corresponding to PROB max as Age D max and define the difference between the stratigraphic age (Table 1) 
A Case Study: The Northern Peninsular Ranges Batholith
We now illustrate our approach to determining the exhumation history of arc crust from closure age distributions by analyzing detrital K-feldspars from Late Cretaceous forearc basin strata shed from the PRB of southern California (Figure 3 ). Because the sampled strata rest directly upon the western margin of the PRB, contain a clast assemblage derived from the PRB, and exhibit structures indicating westdirected transport [Girty, 1986; Kimbrough et al., 1997] their genetic relationship to the batholith is assured. A combination of factors identifies the northern PRB as an appropriate setting to develop and test the methods presented in this paper. Most of the 800 km-long PRB was intruded 120-90 Ma [Silver and Chappell, 1988] . In its northern extent, the density of intrusion was sufficiently high (85-90%) [Barton et al., 1988] to reset prebatholithic thermochronometers from all but the shallowest crustal levels. Correlation of K-Ar mineral age with depth of erosion points to denudation as the primary control for causing Ar closure in biotite and K-feldspar [Krumenacher et al., 1975; Grove, 1993] . Erosion depth increases from <0-5 km in the west to 15-20 km in the east [Ague and Brimhall, 1988; Todd et al., 1988] . Eastward increase in paleodepth appears to have involved westward tilting of the batholith [Butler et al., 1991; George, 1993; Ortega Rivera et al., 1997; Dickinson and Butler, 1998 ]. However, W-directed thrusting [Engle and Schultejann, 1984; Todd et al., 1988; Goodwin and Renne 1991; Grove, 1993] , and E-directed extensional faulting [Erskine and Wenk, 1985; Gastil et al., 1992; George and Dokka, 1994 ] also appear to have played a role in establishing the present depth distribution. Unroofing of all but the easternmost PRB was largely complete by the end of the Cretaceous. Tertiary stability of the PRB is indicated by > 60 Ma apatite fission track ages [Dokka, 1984; George and Dokka, 1994] , preservation of Paleocene paleosols, Eocene erosional surfaces, and fluvial systems that extended from [Minch, 1979; Abbott and Smith, 1989] .
We have analyzed detrital K-feldspars from sandstones sampled from the Point Loma and Cabrillo Formations west of San Diego (Figure 4a ) and from the Trabuco, Baker Canyon, Mustang Spring, and Williams Formations within the northern Santa Ana Mountains (Figure 4b ; see Table 1 Girty, 1986] . Depositional age constraints for each of the samples are given in Table 1 (for details see Appendix B). As indicated, uncertainties of ~2-3 m.y. apply to most estimates.
Results

Closure Age Distributions From the PRB Forearc Sediments
Single-grain, total fusion Ar data are available from http://oro.ess.ucla.edu. 4.1.1. Provenance. The narrow age range (~75 to 105 m.y.) yielded by all of the K-feldspars closely overlaps that observed for the PRB basement. The paucity of closure ages older than 100 Ma in these samples indicates that shallowlevel intrusions of the western PRB which yield K-Ar biotite and U-Pb zircon ages of ~105-120 Ma [Krummenacher et al., 1975; Silver and Chappell, 1988] contributed insignificant quantities of sand to these strata. Likewise, sources of sand exogenous to the PRB appear nil or absent. Results from the Trabuco Formation sample ( Figure 4I ) indicate its depositional age must be <95 Ma; this provides a much tighter constraint on the stratigraphic age of the Trabuco than has been heretofore available. Closure ages that are up to 4 m.y. younger than the estimated depositional age of the overlying Baker Canyon unit (Figure 4h ) are clearly problematic and likely indicate either overestimation of its depositional age, 40 Ar loss during diagenesis, and/or unrecognized analytical difficulties.
Basement Exhumation Rates.
As outlined in the introduction, the commonly employed, first-order approach for estimating exhumation rates from detrital data involves dividing the closure depth by the time lag between the closure age and the time of erosion/deposition. For the sake of illustration, we define the closure age as the mean value of the age distribution. The time lag for the syn-orogenic samples (Trabuco and Baker Canyon; Figure 4h -i) is roughly 5 m.y. while that indicated for post-orogenic samples is somewhat larger (ca. 12 m.y.) though more difficult to characterize. If we arbitrarily assign a closure depth for Kfeldspar of 5 km, these lag times indicate mean denudation rates of 1 km/m.y. during the Cenomanian-Turonian and ca. 0.4 km/m.y. after final intrusion within the batholith. Below we investigate how these estimates are affected by pervasive magmatic reheating within the source region.
Numerical Simulation of Closure Age Distributions from Magmatic Arcs
In order to illustrate how intrusion and denudation interact to affect our results, we ran the program for different combinations of intrusion (Plate 2) and denudation ( Table 2) . The specific permutations employed in the first six models are outlined in Table 3 . We examine results from models I ( Figure 5 ) and II ( Figure 6 ) in detail. Predicted detrital age distributions shown in Figure 7 illustrate how varying denudation rate and intrusion history influences the outcome (see also (Figure 5a ). The onset of denudation at 105 Ma allows samples initially deeper than ~7 km to begin to retain Ar as they approach the surface. The more rapid the denudation, the less time is required for a sample at a given depth to close with respect to 40 Ar * loss. After denudation ceases at 65 Ma, isotherms rapidly achieve a steady-state configuration (Figure 5a ).
Closure age distributions (Figure 5c For each stratigraphic horizon, we overlay distributions calculated from 32 (black) and 1000 (shaded) random samples. All data normalized to 100.
preserved. By 95 Ma, continued denudation has begun to expose partially outgassed K-feldspars (i.e. those originating from below 4 km; Figure 5a ). By 90 Ma, most K-feldspars exposed at the surface were open to Ar loss prior to 105 Ma (Figure 5b ). Despite this, shallow levels sampled from the left portion of the grid continue to yield protolith ages. This results in bimodal closure age distributions (Figure 5c-h) . The skewed character of the younger age maxima is a direct consequence of the proportionality between the amount of material eroded and the denudation rate which increases from left to right across the grid. With continued denudation the percentage of results contributing to the younger age maxima grows at the expense of samples recording protolith ages. At the same time the lag between Age D and the lower age maxima systematically decreases until ~80 Ma (i.e., 25 m.y. after the onset of denudation). Note that exhumation rates calculated from the lag time progressively increase in spite of the fact that the mean denudation rate in the model remains constant [see Garver and Brandon, 1994a] . This discrepancy is a manifestation of the sluggish rate at which steady state temperature distributions are approached at this denudation rate.
Overlapping Intrusion and Denudation.
The uniformly varying age trends observed in Model I are disrupted when intrusion overlaps denudation (Model II, Figure 6 ). A prominent effect of magmatic heating upon K- Table 1 ). (b) -(g) Model I-VI results (see Figure 2 caption). PROB max values represented by symbols defined in Figure 7a (see Table 3 ). (h Figure 7 and Table 3 clearly indicates that for the case in which exhumation outlasts intrusion, denudation rate is the dominant control in determining bulk closure age distributions from K-feldspar. All models characterized by a mean denudation rate of 0.5 km m.y. (Figure 7i ). In contrast, reducing the denudation rate by a factor of two produces discernable differences in closure age distributions for contrasting sequences of intrusion. Moreover, all predicted ages are shifted 10-20 m.y. to younger values (Figure 7e-g This is expected since the mean denudation is occurring between 105 and 92 Ma is 6.5 km. In contrast, starting denudation 5 m.y. later (at 100 Ma) has a somewhat greater effect because an insufficient amount of denudation (mean value of 4 km) occurs prior to Trabuco deposition. As a result ∆t values for the Trabuco and Baker Canyon samples increase by 3 and 2 m.y. respectively while those of the younger samples increase by 1. Although slower denudation is more sensitive to the time of initial denudation, this is counteracted by pervasive intrusion. In summary, while our approach is highly sensitive to the exhumation rate, it is only able to place lower bounds on the amount of denudation that has taken place.
Systematic Analysis of Intrusion and Denudation Effects. Inspection of
Varying the Diffusion Parameters.
Our use of a single domain diffusion model to calculate bulk closure ages may at first glance seem problematic when applied to Kfeldspar. Degassing experiments performed with K-feldspar, including those performed at the scale of single crystals [e.g., Richter et al., 1991] , reveal non-linear Arrhenius behavior consistent with the existence of discrete diffusion domains that vary in length scale and volumetric fraction [e.g., the multi-diffusion domain or MDD model, Lovera et al., 1989] . What is important in our statistical appraisal of the distribution of bulk closure ages in detrital samples, however, 
IV n/a D2 +8 -1.5 +8 -1.6 +7 -2.4 +6 -2.0 +9 -2.9 +18 -3.1 16 -4.2 V I1 D2 +8 -0.6 +6 -0.5 +4 -0.2 +4 -0.6 +7 -1.3 +13 -0.6 7 -3.1 VI I2 D2 +8 -0.8 +6 -0.8 +3 -1.3 +3 -1.1 +5 -2.1 +11 -2.6 7 -4.6 VII n/a D3 +1 -0.4 +1 -0.1 0 -1.5 +1 -0.9 +2 -1.0 +5 -1.1 +2 -3.8 is the extent to which MDD behavior is randomly manifested in different K-feldspar grains rather than the complexity of the diffusion behavior itself. Of the diffusion parameters, E and, to a lesser extent log D o /r o 2 , are most important for relating bulk age to thermal history. A survey of the diffusion properties of a diverse array of basement K-feldspars including representatives from the PRB [Lovera et al., 1997] indicates that E and log D o /r o 2 , are highly correlated. Besides, they define normal distributions characterized by 46 ± 6 kcal mol -1 and 5 ± 1 s -1 respectively [see Lovera et al., 1997, Figure 3] . To determine how this property affects our results, we reran Model I after randomly assigning E and log D o /r o 2 values from the Gaussian distributions to individual grid points [see Lovera et al., 1997, Figure 8] . Taking random variation of diffusion parameters into account causes calculated ages to vary by up to ±4 Ma respect the original calculation but does not significantly affect the characteristics of the closure age distributions. For example, ∆t and log(PROB max ) values obtained from model results employing variable diffusion parameters in Table 3 are essentially unchanged from the case in which E and log D o /r o 2 were held constant. Hence it appears that to the extent variability in K-feldspar diffusion properties are randomly manifested, the use of the constant K-feldspar diffusion parameters will not prejudice our interpretation.
Discussion
The model just presented provides a statistical framework for quantitatively evaluating batholith exhumation histories from derivative sedimentary debris. Use of detrital age distributions to constrain basement exhumation rates depends upon the fidelity of the sedimentary record in documenting the complete spectrum of closure ages that characterize the erosion surface at a given time. The degree to which such a sampling is provided by forearc strata is uncertain and likely depends a great deal upon the tectonic setting [Dickinson, 1995] . Consequently, examination of multiple localities throughout the forearc region is probably required to draw firm conclusions regarding batholith exhumation histories. The effort required for obtaining statistically meaningful sampling dictates that focus be placed upon a single mineral thermochronometer. Below we consider the pros and cons of using K-feldspar as a detrital thermochronometer. We then demonstrate how basement exhumation rates may be deduced by fitting the detrital K-feldspar results from the PRB forearc.
Advantages and Potential Pitfalls of K-feldspar as a Detrital Thermochronometer
K-feldspar offers distinct advantages over other minerals as a detrital thermochronometer. Its moderate Ar retentivity [Lovera et al., 1997] endows it as an ideal monitor of processes active in the mid-to upper crust and allows it to preserve basement thermal history information during modest [< 4 km; Mahon et al., 1998 ] burial in sedimentary basins. Apatite by comparison is highly susceptible to resetting by burial metamorphism. While Ar diffusion in K-feldspar takes place at temperatures that overlap those required to anneal fission tracks in zircon, the nominal precision of individual detrital K-feldspar dates (± 0.5%) is an order of magnitude better than for zircon. Finally, single crystal total-fusion 40 Ar/
39
Ar age analysis can be fully automated so that large, statistically meaningful data sets can be obtained with relative ease compared to fission track methods. Below we consider potential difficulties that might hinder use of K-feldspar as a detrital thermochronometer.
Diagenetic Alteration.
In thermochronologic analysis of detrital minerals, we are required to interpret their ages purely in terms of diffusive loss that occurred during basement residence. This interpretation is valid to the extent that 40 
Ar
* distributions are not modified by diagenetic processes and/or high burial temperatures. The relative shallow burial depth experienced by the oldest samples we have examined [<2 km for Trabuco and Baker Canyon samples; Schoellhamer et al., 1981] allow us to confidently rule out post-deposition diffusive Ar loss [see Mahon et al., 1998 ]. Despite this, K-feldspar is not immune from diagenetic alteration [Lee and Parsons, 1998 ]. Moreover, authigenic overgrowths on detrital grains are potentially problematic for age analysis [Girard and Onstott, 1991; Aleinikoff et al., 1993] . Anomalous young closure ages such as those yielded by the Baker Canyon sample (Figure 4h ) may be due to either or both of these phenomena. Uptake of unsupported 40 
* is yet another potential difficulty. The generally negligible concentrations of excess 40 
* revealed in step-heating experiments performed with K-feldspars derived from PRB basement exposures [Grove, 1993] give us no reason to suspect that excess 40 
* is a significant problem affecting our detrital K-feldspars age distributions.
Sampling Bias Because tonalite, quartz diorite, and gabbroic lithologies constitute much of the PRB [e.g., Silver and Chappell, 1988; Todd et al., 1988] , our detrital Kfeldspar sample certainly fail to uniformly represent all lithologies.
Fortunately, volumetrically minor granitic pegmatite and granodiorite is sufficiently widespread throughout the PRB [Todd et al., 1988] that regional sampling bias seems unlikely. While it is clear that a phase that is modally important in most lithologies present would provide superior sampling, obvious candidate such as biotite, may present other difficulties such as higher susceptibility to alteration [e.g., Mitchell and Taka, 1984] .
More Realistic Thermo-kinetic Models for Batholith Evolution
While our model adequately simulates effects for regional tilting and random intrusion, it requires modification to describe realistic tectonic environments within magmatic arcs where the interplay between faulting, erosion, topographic development, and sedimentation may be complex [Einsele, 1992; Busby et al., 1998 ]. Incorporation of these effects into the model could significantly affect the denudation histories we obtain. Similarly, more realistic treatment of the dynamics of magma intrusion and concomitant wall rock deformation could also cause us to alter our conclusions. Fortunately, faulting and topographic effects can be easily modeled by modifying how the position of the erosion surface within the grid is defined as a function of time.
Refinement of Constant Denudation Models
Refinement of the constant denudation models results displayed in Fig.7 is easily accomplished. The sign of ∆t pertaining to a given depositional age (Figure 7 ) indicates whether prior denudation should be increased or decreased. Specifically, positive values require faster denudation and vice versa. Because the initial denudation rate affects the value required at later times, we first match results from the oldest sample and then proceed to younger strata. Of the initial six simulations, model III produces the best agreement with the measured closure age distributions (Figure 7h ). Fortuitous agreement between the model III results and measured values for the oldest sample (∆t Trabuco = 0) led us to begin denudation history D3 at the same rate as D1 (0.5 km m.y. ) at 92 Ma reduces ∆t for Baker Canyon from 3 to zero (Table 3 ). Equivalent calculations indicate that shortly after 90 Ma, the denudation rate should be decreased to 0.15 km yr -1 to reduce ∆t for the Mustang Spring sample to zero. Likewise increasing the denudation rate at 79 Ma to 0.45 km m.y.
-1 minimizes ∆t values for the younger samples to 1 m.y. or less.
Errors in depositional age and/or the time of initial denudation could appreciably affect details of the variable denudation model deduced above.
For example, the magnitude of the mean denudation rate between 92-90 Ma (Table 2) is critically dependent upon the depositional ages of the Trabuco and Baker Canyon samples (Table 1) . Regardless of this uncertainty, strong overlap of depositional age and measured detrital closure ages for the Baker Canyon sample (Figure 4c-4d) necessarily require higher denudation rates to prevail at ca. 90 Ma than at later times.
Model closure age distributions obtained using the D3 denudation history are compared with our measured values in Figure 8b -8d. Just as in the case for D1, the cumulative denudation produced in D3 is sufficiently high that only the closure age distributions of the older samples are differentially affected when distinct intrusion histories are imposed (compare Figure 7h with Figure 8e ). Note that while ∆t values for each of the samples are 1 m.y., or less in the case of Model IX, major improvements in PROB max over values obtained in the constant denudation models were not realized. Because the lowest PROB max values are yielded by the oldest samples, it appears likely that in detail, the I2 intrusion history is inappropriate for the PRB. For example, inspection of the predicted and measured closure age distributions for the Trabuco sample in Figure 8g reveals closure age maxima at ~118 and 103 Ma that reflect significant shallow level intrusion at this time (Plate 2b). Ar step-heating of K-feldspars from east central PRB [Grove, 1993; Rothstein, 1997] These features alone account for the low PROB max value yielded for this sample. Similarly, the 92 Ma maxima exhibited for the Baker Canyon sample (Figure 8h ) might be unduly influenced by pervasive invasion of the eastern batholith at ~10-15 km depths by granitoids of this age (Plate 2b). Younger samples are less affected by intrusion and in general yield higher PROB max values.
Comparison With Basement Thermochronology From the PRB
The variable denudation model (D3) arrived at in section 5.3 (Figure 9a ) turns out to be quite consistent with independent basement thermochronology in the northern PRB [Krummenacher et al., 1975; Goodwin and Renne, 1991; George and Dokka, 1994; Grove, 1993] . George and Dokka, [1994]; and Grove, [1993] have revealed the importance of both late batholithic cooling (100-90 Ma) and delayed cooling more than 10 m.y. after final intrusion during the Late Cretaceous (> 80 Ma) [Krummenacher et al., 1975; Goodwin and Renne, 1991; Grove, 1993] . Late batholithic cooling appears to have coincided with a major episode in the tectonic development of the batholith. As summarized in Busby et al.
[1998] suturing of a fringing island arc to the continental margin coupled with development of a more compressive strain regime appear to have produced a relatively highstanding continental arc by ca. 100 Ma. Of perhaps even greater importance is the likelihood that roughly half the intrusive mass of the PRB appears to have been emplaced between 98 and 92 Ma.
In contrast, post 80 Ma. postbatholithic cooling appears to have been triggered by an important shift in tectonic regime from normal subduction to rapid, shallow-inclination subduction [e.g., Coney and Reynolds, 1977] . Adjacent Cordilleran magmatic arcs including the Sierra Nevada batholith [e.g., Dumitru, 1990] record a cooling signature attributable to shallow inclination subduction.
To illustrate the concordance of the basement and detrital K-feldspar results, K-feldspar total gas ages from the PRB basement [Grove, 1993 , Rothstein, 1997 are plotted in histogram form in Figure 9b and as a function of lateral distance perpendicular to the axis of the batholith in Figures  9c-9e . Episodes of comparatively rapid denudation deduced from the detrital results (Figures 9a) correlate well with age maxima of K-feldspars from PRB basement exposures (Figure 9b ). The distribution of K-feldspar total gas ages predicted by the D1 models agree reasonably well with those measured from the basement regardless of intrusion history (Figure 9c ). In contrast, ages predicted by the D2 models are far older than those observed at a given lateral position (Figure 9d ). The best agreement however, is obtained for the D3 models (Figure 9e) .
The main difficulty of the D3 exhumation model for the PRB is the deep level of exposure predicted for the easternmost batholith. While the mean denudation produced by model D3 (18 km; Table 2 ) is comparable to available paleodepth estimates for the central and eastern batholith [12-20 km; Ague and Brimhall, 1988; Todd et al., 1988; Grove, 1993; George, 1993; Rothstein, 1997] , lower crustal exposures comparable to those predicted by the model (up to 35 km) do not occur along the eastern margin of the PRB or in the probable eastward continuation of the batholith in mainland Mexico [Silver and Chappell, 1988] . Increasing the ambient geothermal gradient and/or shortening the duration of exhumation would readily resolve this discrepancy.
Conclusions and Future Research Directions
The similarity of denudation histories deduced from Kfeldspar sampled from either the forearc or basement exposures and their sensitivity to long-term exhumation rates (Figure 9 ) prompt us to conclude that analysis of closure age distributions of detrital minerals in the manner we advocate is quite promising. The major limitation resides in the ability to accurately determine depositional ages. Work in progress is focused upon automating the method to fully explore the range of equivalent solutions that are capable of reproducing the measured data.
When extended to additional measurements of closure age distributions elsewhere along the western margin of the PRB we anticipate that it will be possible to refine our approach sufficiently to identify alongstrike variations in exhumation history that relate to the nature of the underlying crust and/or other fundamental properties.
Appendix A: 40 Ar/ 39 Ar Analysis of Detrital K-feldspars Sandstone samples were crushed, ultrasonically washed in 3% H 2 SO 4 solution to remove interstitial calcite cement, and sized to between 35-50 mesh (300 and 500 µm diameter). Detrital feldspars were then concentrated by applying conventional density and magnetic methods. Basementderived K-feldspars (i.e., grains whose cleavage development and coloration were consistent with orthoclase/microcline) were hand selected from these concentrates using a binocular microscope to avoid volcanic sanidine, chert, and other impurities. This procedure was ineffective for avoiding albite. However, as described below, Ca/K ratios yielded by the 40 Ar/
39
Ar measurements allowed us to exclude albite analyses after the fact. Following neutron irradiation in the H-5 position of the Ford Reactor (University of Michigan), grains were fused with a continuous 5 W Ar ion laser and analyzed with a VG3600 rare gas mass spectrometer. Calculated J-factors calculated varied from 0.0054-0.0057 depending upon position and assume an age of 27.8 Ma for Fish Canyon sanidine. Tabulated   40   Ar/   39 Ar results and additional experimental details may be obtained from http:\\oro.ess.ucla.edu.
In an attempt to avoid biasing results with data from partially molten grains that were able to retain appreciable Ar, we limited grain size to particles that were readily fused with our Ar ion laser (i.e., grains 500 to 300 µm in diameter) but contained sufficient 39 Ar for precise isotopic analysis. Alkali feldspars in this size range that contain 15% K 2 O are expected to yield 0.8-4x10 -14 mol 39 Ar for a J-factor of ~0.0055. Accordingly, we excluded all 40 Ar/ 39 Ar analyses that produced anonymously low 39 Ar yields (e.g., < 0.8x10 -14 mol). Generally feldspar grains that were characterized by poor 39 Ar yields also gave Ca/K values (>0.1) that indicated they were albite rather than orthoclase/microcline. All analyses with Ca/K > 0.1 were excluded from our analysis regardless of 39 Ar yield.
